High-resolution Hi-C has revealed a division of A and B compartments into several 31 subcompartments 1 , while newer genomic methods such as SPRITE 2 and GAM 3 both point to 32 multi-way interactions occurring more frequently in the nuclear interior, specifically at nuclear 33 bodies such as nucleoli and nuclear speckles 2 . In addition to mapping contact frequencies, what 34 are needed are convenient genomic methods that directly interrogate the spatial relationship of 35 chromosomes, or even actual distances, relative to specific nuclear bodies/compartments. 36
Summary: 23
TSA-Seq measures chromosomal distances from specific nuclear compartments genome-wide 24 but requires ≥100 million cells. We report 10-20-fold increased sensitivity using TSA-Seq 2.0 25 which deliberately saturates protein-labeling but preserves distance mapping by the still 26 unsaturated DNA-labeling. Mapping nuclear speckle distances in four cell lines reveals highly 27 transcriptionally active, conserved speckle-associated chromosome domains but relative shifts 28 of a small fraction of the genome that highly correlates with changes in gene expression. 29 30 and maintenance 7 in H1 hESCs (Fig. S12f) . 123
In conclusion, we used protein super-saturation labeling conditions to increase the 124 sensitivity of TSA-Seq, allowing mapping of 3D genome organization relative to nuclear speckles 125 using 10-15 million cells versus 200-400 million cells. Whereas the TSA-Seq 1.0 procedure 126 required sequential staining of several batches of cells over 1-2 months, our new TSA-Seq 2.0 127 procedure required 10-20-fold fewer cells performed in a single, one-week staining. Cell culture 128 costs were reduced commensurately-for example, for hESCs from ~$2000 to ~$200 per 129 replicate. 130
These reductions in time and cost allowed us to apply TSA-Seq 2.0 to compare nuclear 131 relative distances to nuclear speckles genome-wide in 4 cell lines. This mapping revealed a 132 conservation of SPADs, which in all cell lines were associated with unusually high gene 133 expression levels. More surprisingly, pair-wise comparisons of cell lines showed remarkable 134 similarities in relative nuclear speckle distances for ~90% of the genome. Moreover, for the 135 several hundred chromatin domains that did show significant changes in TSA-Seq scores, these 136 changes typically were modest, ranging in scaled TSA-Seq scores (1 -100) from a minimum of 11 137 to a maximum of 26 (mean 13, median 13) for the HFFc6 and H1 comparison. Yet these changes 138 highly correlated with increased (decreased) gene expression levels for regions that were closer 139 to (further from) nuclear speckles. 140
The improved sensitivity of TSA-Seq 2.0 will greatly facilitate extension of TSA-Seq to 141 mapping of additional nuclear compartments across a range of cell types and conditions. TSA-Seq 2.0 with changes in gene expression, DNA replication timing, and other genomic 144 features should help reveal general principles of nuclear genome organization and function. 145 146 Cell culture 148 K562 cells were obtained from ATCC and cultured according to ENCODE Consortium 149 protocol (http://genome.ucsc.edu/ENCODE/protocols/cell/human/K562_protocol.pdf). H1-ESC 150 (WA01), HCT116, HFF-hTert-clone 6 cells were obtained through 4D Nucleome Consortium and 151 cultured according to 4DN SOPs (https://www.4dnucleome.org/cell-lines.html). Briefly, K562 152 cells were cultured in RPMI-1640 medium supplemented with 10% FBS (Sigma F2442) and 1% 153 100X Antibiotic-Antimycotic (GIBCO). Cells were seeded at 0.1 million/mL density and passaged 154 or harvested at around 0.75 million/mL density. H1 cells were cultured in Matrigel (Corning 155 354277, Lot #7128002)-coated flasks in mTeSR medium (STEMCELL Tech 85850). Cells were 156 passaged (or harvested) at optimal density and colony size (see SOP) every 4 or 5 days with 1 in 157 10 to 1 in 20 splits by digesting colonies into 50-200 µm aggregates using ReLeSR (STEMCELL 158 Tech 05872). HFFc6 cells were cultured in DMEM medium supplemented with 20% heat-159 inactivated FBS (VWR 97068-091, Lot #035B15). Cells were passaged (or harvested) at 70%-80% 160 confluency without significant drop of mitotic cell ratio with 1 in 2 splits using Trypsin-EDTA 161 (0.05%) (Fisher Sci 25300054). HCT116 cells were cultured in McCoy's 5A Medium supplemented 162 with 10% heat-inactivated FBS (VWR 97068-091, Lot #035B15). Cells were passaged (or 163 harvested) at 70%-80% confluency (around 0.4 million cells/cm $ ) and seeded at 4 − 5 x 10 , 164 cells/cm $ using Trypsin-EDTA (0.05%) (Fisher Sci 25300054). 165
Coverslip TSA staining 166 K562 cells were plated on poly-L-lysine (Sigma P4707, 70,000-150,000 M.W., 0.01% w/v) 167 coated coverslips (Fisher Sci 12-545-81) with 0.3-0.5 mL at 0.4-0.7 million/mL cell density. Cells 168 were cultured for 30 mins for attachment. HFFc6 cells were plated on coverslips 1 or 2 days 169 before experiments and harvested at ~80% confluency. Cells were fixed with 1.6% freshly-made 170 paraformaldehyde (PFA) (Sigma P6148) in PBS at room temperature (RT) for 20 mins. Cells were 171 then permeabilized with 0.5% Triton X-100 (Sigma T8787) in PBS (0.5% PBST) at RT for 30 mins, 172 treated with 1.5% H $ O $ in PBS at RT for 1 hr to quench endogenous peroxidases, and rinsed 173 with 0.1% Triton X-100 (Sigma T8787) in PBS (0.1% PBST) 3x at RT. Cells were blocked with 5% 174 normal goat serum (Sigma G9023) in 0.1% PBST (GS blocking buffer) at RT for 1 hr and then 175 incubated with rabbit anti-SON polyclonal antibody 6 (Pacific Immunology Corp, custom-raised) 176 1:2000 in GS blocking buffer at RT for 5 hrs. Cells were then washed with 0.1% PBST at RT 3 x 5 177 min and incubated with HRP conjugated goat anti-rabbit polyclonal antibody (Jackson Immuno 178 111-035-144) 1:1000 in GS blocking buffer at RT for 5 hrs or at 4 °C for 10-12 hrs. Cells were then 179 washed with 0.1% PBST at RT for 3 x 5 min and subject to TSA labeling. 180
For Condition A, the reaction solution is 50% sucrose (w/v), 1/10000 tyramide-biotin or 181 tyramide-FITC (v/v), and 0.0015% H $ O $ (v/v) in PBS. Tyramide-biotin was prepared as previously 182 described 6 . Tyramide-FITC was prepared according to an online protocol 8 . Labeling is done at RT 183 for 10 mins. For Condition E, the reaction solution is 50% sucrose, 1/300 tyramide-biotin and 184 0.0015% H $ O $ in PBS. Labeling is done at RT for 30 mins. For both conditions, 500 uL reaction 185 solution was applied per coverslip. 186
For "two-rounds" of TSA labeling, after the 1 st -round of TSA, cells were washed with 187 0.1% PBST at RT for 3 x 5 mins and then subject to a 2 nd -round of TSA. After TSA labeling, cells 188 were washed with 0.1% PBST at RT for 3 x 5 mins, stained with Streptavidin-Alexa Fluor 594 189 (Invitrogen) 1:200 and goat anti-rabbit -Alexa Fluor 647 (Jackson Immuno) 1:200 in GS blocking 190 buffer at RT for 2 hrs or at 4 °C for 10-12 hrs, and then washed with 0.1% PBST at RT for 3 x 5 191 M Tris, pH 8.5). 194
TSA-Seq 195
The TSA-Seq procedure was modified from our previous publication 6 . 196 For suspension cells (K562), cells were fixed by adding 8% freshly made PFA in PBS to 197 reach a final concentration of 1.6% and incubated at RT for 20 min. Aldehyde groups were 198 quenched by adding 1.25M (10x) glycine in PBS and mixing at RT for 5min. Cells were 199 permeabilized with 0.5% PBST at RT for 30 mins, centrifuged at 116 g, and re-suspended in PBS. 200 H $ O $ /PBS was added to reach a final H $ O $ 1.5% concentration to quench endogenous 201 peroxidases in a volume of 1 mL per 3 million cells; the cell suspension was incubated by slowly 202 nutating at RT for 1 hr (open tubes 2 or 3 times during the incubation to release the generated 203 gas). Cells were rinsed 3x with 0.1% PBST, blocked with 5% normal goat serum (Sigma G9023) in 204 0.1% PBST (GS blocking buffer) in a volume of 1 mL / 10 million cells at RT for 1 hr, and then 205 incubated with rabbit anti-SON polyclonal antibody 6 (Pacific Immunology Corp, custom-raised) 206 1:2000 in GS blocking buffer at 1mL / 10 million cells at 4 °C for 20-24 hrs. Cells were then 207 washed with 0.1% PBST at RT for 3 x 5 mins and incubated with HRP conjugated goat anti-rabbit 208 polyclonal antibody (Jackson Immuno 111-035-144) 1:1000 in blocking buffer in a volume of 1 209 mL / 10 million cells at 4 °C for 20-24 hrs. Cells were washed with 0.1% PBST for 3 x 5 mins, 210 washed with PBS for 5 mins at RT, and then subjected to TSA labeling. Cells were resuspended in 211 50% sucrose/PBS and then the same volume of 50% sucrose/PBS containing tyramide-biotin and 212 hydrogen peroxide was added to reach the final concentrations for a specific labeling condition 213 ( Fig. S1 ). The final volume of reaction solution was 1 mL per 10 million. Cells were gently nutated 214 at RT during the TSA labeling time specific to each condition ( Fig. S1 ). Cells were then washed at 215 were attached to a coverslip for anti-biotin and anti-SON staining to visualize the TSA labeling. 217
Remaining cells were pelleted and either immediately subjected to genomic DNA isolation or 218 stored at -80 °C for later DNA isolation. K562 cells were lysed with high T-E buffer (10 mM Tris 219 and 10 mM EDTA, pH 8.0) containing 0.5% SDS and 0.2 mg/mL Proteinase K (NEB P8107S). All 220 centrifugations prior to TSA labeling were low-speed at 116 -130 g for 5 -10 mins to preserve 221 cell structure. 
TSA-Seq data mapping and processing 300
We used a similar analysis pipeline as the previous paper 6 to process TSA-Seq data. 301
Briefly, we mapped the raw sequencing read to the latest human reference genome (hg38, 302 downloaded from the UCSC Genome Browser) using Bowtie2 9 (version 2.0.2) with default 303 parameters. We excluded sequence from the Chromosome Y to avoid mapping bias for K562 304 data (female). We further applied the rmdup command from SAMtools 10 to remove the 305 potential PCR duplicates in the alignment. We then used the PCR duplicates removed alignment matched pulldown and input data with the following updates: First, we no longer used sliding 309 windows. Instead, we used separate genomic bins of 20kb. Each mapped read is exclusively 310 assigned to a window according to its largest aligned position in the reference genome. Second, 311
we modified the calculation of TSA-Seq enrichment score, as described in the next paragraph. For subsequent analyses, the non-overlapping 20kb binned signals were smoothed by K562 pulldown data from all five conditions were normalized using one input constructed 327 from fragmented K562 genomic DNA. H1, HCT116 and HFFc6 data were normalized using separate 328 input libraries made from the DNA used for pulldown for each TSA-labeling experiment. 329
TSA distance prediction and comparison 330
To convert TSA-Seq scores to distances from speckles, previously 6 we fit loci TSA-Seq 331 signal y (here y is the TSA-Seq fold-enrichment value PRIOR to the log2 operation in equation 2) 332 and mean distances (x) from speckles measured by 3D immuno-FISH to a calibration equation 333
Here we applied a new "hybrid" method to estimate the parameters for this calibration 335
equation. 336
First, we obtained the exponential decay parameter Z by fitting 16 FISH measurements 337 from our previously published data 6 to the new TSA-Seq data ( Supplementary Table 1 ). For each 338 FISH probe, we used the previously published mean cytological distance to speckles based on 339 measurements of 100 alleles 6 (16 probes, Supplementary Table 1 ). We used the smoothed TSA-340 Seq data and calculated the mean TSA-Seq enrichment values over the genomic regions cloned 341 within the BACs used to generate FISH probes. We fit the 16 TSA-Seq fold-enrichment values, y, 342
and their corresponding mean speckle distances, x, to the exponential function = Z + \ ]^ 343 using OriginPro software (OriginLab) to obtain the exponential parameter, Z . 344
Next, we obtained Z and based on the minimum and maximum TSA-Seq fold-345 enrichment values, 6=> and 6`^: 6=> = Z ( = 6`^) and 6`^= Z + ( = 0). With the 346 parameters Z , Z and ( Supplementary Table 2 
388
We averaged the replicates for the same cell line and used the residual, Δ, between two 389 cell lines for comparison: 390
We define data variance as the difference between biological replicates for the same 392 cell line. We averaged the variance between the two cell lines to be compared to construct a 393 vector φ including all possible orderings with a length of 4N, where N= number of genomic bins 394 excluding unmapped regions from hg38 genome: 395
The vector Φ serves as the null distribution against which to test single bin value difference from 400 Δ for statistical significance. Φ can be viewed as a set of observations with random variable φ, 401
which is approximately Gaussian distributed with parameters µ and $ (Figure 2 We test if a single element in Δ (a 20kb bin score) shows a significant change between 406 the two cell lines to be compared by comparing with φ. We calculated p-values for both tails of 407 the distribution separately: for equation (5), we separate the bins with values above or below 0 408 to obtain bins with bigger TSA scores in either HFFc6 or H1. We calculated p-values for all 20kb 409 bins and displayed -log10 (p-value) in the genomic tracks. 410
To identify genomic regions that showed statistically significant changes in position, we 411 set a cutoff p-value of 0.01 and identified all 20kb bins with p-values < 0.01 for either ordering 412 (bigger TSA-Seq values in HFFc6 or H1). For each ordering, we merged adjacent bins whose p-413 values were less than 0.01 to call domains that changed location. We set a second cutoff to call 414 only domains corresponding to 100 kb or larger. these cell lines ( Supplementary Table 4 ). Briefly, we used STAR 14 (version 2.5.1b) to map the raw 418 sequencing reads to the human reference genome. The index files of the reference genome 419 used by STAR is the same that used by the ENCODE project. We downloaded the index files from 420 the ENCODE project website (URL: https://www.encodeproject.org/files/ENCFF742NER/). Next, 421
we used RSEM 15 (version 1.2.26) to quantify gene expression using the ENCODE gene annotation 422 file (URL: https://www.encodeproject.org/files/ENCFF940AZB/). The value of mRNA fragments 423 per kilobase of transcript per million mapped reads (FPKM) value for each gene reported by 424 RSEM was used for downstream analysis. Reads per million (RPM) signal tracks for each Seq data set were generated using STAR with input flag "--outWigNorm RPM". 426
To correlate TSA-Seq score with gene expression, we ranked TSA-Seq enrichment scores 427 of genome-wide 20kb bins (bins without mapped reads were removed) from largest to smallest, 428 divided them into 20 equal sized groups using the cut function in R, and named them as 429 vigintiles from vigintile 1 to vigintile 20 (smallest to largest). For each protein-coding gene 430 (based on the GENCODE annotation version 24), we calculated the average TSA-Seq enrichment 431 score across the whole gene region and assigned the gene to the corresponding TSA-Seq 432 vigintile group according to the TSA-Seq enrichment score ranges for each vigintile. RNA-Seq 433 analysis and TSA-Seq correlation results were summarized in Supplementary Table 5 . 434 A housekeeping gene list was download from 435 https://www.tau.ac.il/~elieis/HKG/HK_genes.txt 16 and processed as previously described 6 but 436 using hg38 RefSeq gene annotation. 3791 protein-coding genes were identified as housekeeping 437 genes, and the remaining 16541 protein-coding genes were determined as non-housekeeping 438
genes. 439
To correlate repositioned regions with expression differences between two cell lines, 440 first we identified all genes located within these genomic regions by overlapping gene and 441 region coordinates (the whole gene must be located within the region to be called). Then we 442 calculated the log2 ratio between the gene FPKM values in the two cell lines and plotted these 443 log2 ratios against the region mean scaled TSA-Seq score (max-min normalized, 1-100) change 444 between the two cell lines. 445
For differential expression analysis between H1 and HFF (RNA-Seq datasets summarized 446
in Supplementary Table 4 ), we used STAR 14 (version 2.5.3a) to map the raw sequencing reads 447 using the index files from the ENCODE project 448 (https://www.encodeproject.org/files/ENCFF742NER/). Next, we used htseq-count function of 449
HTSeq 17 (version 0.9.1) to count raw read number for each gene with the gencode.v24 450 annotation (https://www.encodeproject.org/files/gencode.v24.primary_assembly.annotation/). 451
To identify differentially expressed (DE) protein-coding genes between H1 and HFF, we used 452 DEseq2 18 (version 1.24.0) with thresholds for adjusted P-value of <0.01 and for fold-expression 453 change of >2-fold (Results summarized in Supplementary Table 6 ). For DE genes with 454 significantly higher expression in one cell line versus the other, we identified which of these 455 genes located entirely within "repositioned" domains that are located closer to nuclear speckles 456 in this cell line versus the other by overlapping gene genomic position with the coordinates of 457 the domains that showed significantly higher scaled TSA-Seq scores in this cell line. The 458 remaining DE genes with significantly higher expression in this cell line were determined as 459 differentially expressed but not located within domains that reposition closer to speckles ("non-460 repositioned"). 461
Next we calculated the mean scaled TSA-Seq scores (max-min normalized, 1-100) across 462 each of the genes and generated scatter plots to show the correlation of these TSA-Seq scores 463 between the two cell lines. We calculated log2-fold expression changes for repositioned versus 464 non-repositioned DE genes, and plotted boxplots of these expression changes for all genes in 465 each of these two categories. We used DAVID 19, 20 (version 6.8) to conduct gene ontology (GO) 466 analysis using the "GOTERM_BP_DIRECT" category (Results summarized in Supplementary Table  467 7). We compared GO terms for the repositioned and non 
